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Introduction
The search for new molecular entities, especially easily accessible complex heterocycles, is of significant interest in the exploration of new bioactive compounds and in materials chemistry. Often, cascade reactions are used to realize such synthetic targets starting with small molecules and utilizing them in complex multistep reactions. Our recent contributions to this field have focused on a notable variation to this strategy in that we started with a larger, but abundant and cheap molecule, the dye indigo 1 ( Figure   1 ). Indigo afforded a unique opportunity in providing an advanced starting material for the potential rapid synthesis of the diindolic system of natural product analogs. To this end, we recently reported the first cascade reactions of indigo via base-initiated allylation and propargylation, producing unexpected polyheterocyclic compounds ( Figure 1 ) in multistep reactions. This surprising result revealed a new arena in the previously unreported chemistry of indigo, allowing access to unique, relatively complex heterocycles in one pot. [1] [2] [3] The structural isomers of indigo 1, indirubin 2 and isoindigo 3 ( Figure 2 ), are known, 4 but knowledge of their chemistry is still limited. Indirubin is the most well studied due to the reported biological activity of derivatives, known to suppress the metastatic ability of human head and neck cancer cells 5 and to reduce the invasion of glioma cells both in vitro and in vivo. 6 Further examples include inhibition of cyclindependent kinases 7 and glycogen synthase kinase-3, the latter being linked to Alzheimer's disease. Indirubin also inhibits intersegmental vessel growth and induces cellular apoptosis in an in vivo zebrafish model 9 while other indirubin derivatives or analogues, 10 including N-glycosides, show antiproliferative activity against a number of human cancer cell lines. 11, 12 Other effects of indirubin or derivatives include anti-protozoal activity 13 as well as inhibition of lipoxygenase.
14 Isoindigo, its derivatives and analogues, also display a suite of useful biological effects including anti-cancer 15, 16 and anti-protozoal activity. Equally important is the basic chemistry of indirubin, including reaction at the carbonyl group, e.g. oxime formation, 18 which often leads to an increase in biological activity, attack by Grignard reagents 19 and substitution reactions at the amide functionality. 20 An isoindigo derivative has also been shown to provide an advanced starting template for total synthesis, e.g. the use of the 2,2'-double bond in N-tosylisoindigo as a dienophile in a key early Diels˗Alder reaction to build up molecular complexity with stereochemical control in synthetic studies toward the anti-leukemic marine alkaloid communesin F. 21 Therefore, given the recent understanding of cascade reactions of indigo 1, we investigated the possibility of analogous cascade reactions of indirubin 2 and their potential to generate new heterocycles in one pot.
These results are disclosed in this paper together with some initial in vitro antiplasmodial, antimycobacterial, and cell-based anticancer activity data. 
Results and Discussion

Synthesis and Product Identification
Initial reactions with indirubin were performed as per the allylation of indigo. 1 In a typical reaction, a solution of indirubin in DMF with caesium carbonate was sonicated for 30 min to aid solubility and anion formation. The reaction was heated to 70 °C followed by the addition of the allyl bromide and heated for 16 hours. The outcomes of these reactions are summarized in Scheme 1. The use of the allyl bromide gave a 10% yield of the known 22 oxidative cleavage product N-allylisatin (Type A), together with the pink mono oxindolic N-allylated indirubin 9 (Type B) and the deep blue diallylindirubin 14 (Type C) in 24% and 19% yields, respectively. This initial reaction indicated that indirubin is significantly less reactive than the corresponding indigo. The use of substituted allyl bromides continued the trend with the pink mono allylated derivatives (Type B) being produced in yields from 20-49% in 16 hour reactions (entries [1] [2] [3] [4] , with an extended 20 hour reaction required to produce the N'-cinnamylindirubin 13 (21%).
The diallylated indirubins (Type C) were also produced in the same reactions in yields of 3-30% although these ratios are somewhat misleading due to the variable stability of the Type C compounds under the reaction conditions, e.g. with cinnamyl bromide and a 4 hour reaction time the N,N'-dicinnamylindirubin 18 was isolated in an 11% yield (entry 6), but in a 20 hour reaction, the major outcome was the Type B N'-cinnamylindirubin 13. The instability of Type C molecules presumably to arises from removal of the stabilizing H···OC H-bond once all NH functionality is substituted. Also, in contrast to the that observed with indigo, 1, 2 no final O-allylated indirubin derivatives were observed. Further, no indirubin remained at the end of the reactions suggesting that compared to indigo, initial alkylation is easier (to the non-Hbonded N'H) but the resulting molecules are less reactive than indigo to subsequent cascade reactions. Figure 3 . The Z-isomer of indirubin (2) , N'-allylindirubin (9) and, N,N'-diallylindirubin (14) : Illustrated on 9 -the calculated angles are indicated by dashed lines, distances are indicated by arrows. NH1--O=C2' distances and angles as well as ArH4'--O=C3 distances and angles and the corresponding 1 H NMR shifts of indirubin (2) , N'-allylindirubin (9) and N,N'-diallylindirubin (14) . Calculated data are obtained using Hartree-Fock theory after optimization at the 6-31G* level. H NMR spectra of 14 showed an absence of a peak in the ~10.5 ppm region suggesting the loss of an NH moiety. The integration of the peaks assigned to the allyl substituent (e.g. 4.43 ppm (2H) and 4.82 ppm (2H) relative to the total number of peaks assigned to the indirubin H-atoms indicated a ratio of indirubin:allyl substituents to be 1:2. Further, the measured HRMS (ESI) of 14 relayed a molecular formula of C 22 H 19 N 2 O 2 . In other base-induced N-alkylation reactions of indirubin by simple alkyl halides, preferential alkylation of the oxindolic nitrogen was also observed. 23 In order to assess whether either the mono-or di-allylated products had undergone isomerization during the reaction process to form the 2,3'-E products (with a syn disposition of the carbonyl groups), and to support the product identifications, we undertook a series of computational experiments to characterize the monallylindirubin 9 and the diallylindirubin 14.
Calculated distances (NH1···O=C2') and angles (N-H···O) between the amine group and the proximal carbonyl oxygen in indirubin (2) and its N'-allylated (9) and N,N'-diallylated (14) derivatives highlight the hydrogen bond character (Figure 3) . Additionally, the distance (H4···O=C3) and angle (C-H···O) between the aromatic hydrogen H4' and the proximal carbonyl group are in accordance with the remarkable 1 H NMR downfield shift of the aromatic hydrogen H4' and indicate the strong interaction ("H-bond") of H4' with the proximal carbonyl group.
The initial reaction product results at 70 °C clearly indicated a lower reactivity of indirubin to subsequent cyclisation. Therefore, in an attempt to force potential cascade reactions, the reactions were repeated at 110 °C (Scheme 1, entries 7-12). This gave rise to the new spiroindolinepyrido[1,2-a]indoledione heterocycles of the type D in up to 70% yield in the case of allyl bromide (entry 7), arising from the introduction of three allylic moieties; at 70 °C, 19 (see also Figure 4 ) was isolated in only 2% yield. The 1 H NMR of 19 showed a ddd centred at 2.06 ppm with J = 18.3, 5.3 and 1.8 Hz, assigned to the sp 2 alkenyl H8' a -the corresponding H8' b was assigned to the dt (J = 18.3, 1.8 Hz) at 3.00 ppm. The signals assigned to H6' and H7' are contained within multiplets at 7.00 -7.06 and 5.02 -5.41 ppm respectively.
The signal in the 13 C NMR spectra at 48.0 ppm was assigned to the spiro C3, and the C2 amide carbonyl was assigned to the peak at 175.6 ppm whereas the peak at 199.1 ppm was attributed to the C10' carbonyl. † Note: C-allyl substituent is not crotyl but has rearranged -see Figure 4 for details of structure. Trace indicates detected by TLC analysis at the completion of the reaction. # 3 Å sieves were additionally added to procedure B reactions.
Analysis of the 1 H NMR spectra of 21 revealed a dd at 5.03 ppm, assigned to the H7' olefin and multiplets at 7.08-7.16 and 3.40-3.47 ppm which were assigned to H6' and H8' within these peaks respectively There are reports 24, 25 of the synthesis of molecules with the same spiro heterocyclic skeleton to that in 19-22, however these arose from reaction of skatole with 2-methylindole, followed by acylation in polar solvents -subsequent examination of the by-products revealed a spiro-type system, however, there was limited spectral evidence to support the proposed structures.
The yields for the spiroindolinepyrido[1,2-a]indoledione systems from indirubin decrease with substitution of the allyl bromide, e.g. the yield drops to 37% with the additional methyl substituent at C2 of the allyl moiety (entry 8) and down to 13% with the use of cinnamyl bromide (entry 12), this latter reaction requiring significantly longer reaction times (24 h) to achieve even this yield. With a very bulky terminal gem-dimethyl group in the allylic bromide, no spiro-cyclization was observed. This trend is likely to arise from the steric impedance of the orthogonal spiro scaffold blocking the approach of the substituted allyl units during the installation of the C-allyl substituent (see Section 2.2 Mechanistic Proposals). Although the spiroindolinepyrido[1,2-a]indoledione 19, arising from addition of allyl bromide, was also observed in the reaction performed at 70 °C in a 2% yield (entry 1), no other examples were detected in reactions at this temperature (entries 2-6), probably indicative of the extra bulk of the substituted allyl moieties sterically impeding the spiro cyclisation. Further, in the 110 °C reactions (entries 7-12), there was no evidence of the presence of Type C products with Type B compounds probably reacting further at the higher temperature to the Type D products. The N-allylisatins were only detected in the 110 °C reactions in the case of the cinnamyl moiety (9%) at 6 h (entry 11). It is likely that the bulky cinnamyl unit lead to a slower reaction, allowing time for the oxidative cleavage to occur. The longer reaction times at higher temperatures probably resulted in further degradation in the reaction mixture.
Along with these major products, minor fragmentation products were isolated including the anthranilate esters allyl 2-(allylamino)benzoate and 2-methylallyl 2-((2-methylallyl)amino)benzoate in very low yield from the respective allylation reactions at 110 °C and 70 °C. Structural elucidations of these esters arose from analysis of spectral data, with a diagnostic absorption band for the ester carbonyl group being apparent at 1673 cm -1 for the former and at 1682 cm -1 for the latter. 
Mechanistic Proposals
The proposed mechanism for the 70 °C reactions proceeds with N-allylation on the oxindole ring producing the Type B compounds with a simple second allylation affording the Type C compounds With the comparable cinnamyl product 22 it is likely that steric factors mitigate against the cinnamyl radical at the carbon bearing the phenyl group. (14), presumably due to further reaction of this compound under the conditions. We observed that N,N'-disubstituted indirubins were not stable in solution at room temperature under light exposure. When N,N'-diallylindirubin was kept in dichloromethane for several days, its colour gradually changed from dark blue to reddish-yellow. It is known that indigo is stable against photoinduced Z -> E isomerisation due to its stabilizing NH hydrogen bonding, but substitutions on both nitrogens results in a loss of hydrogen bonding and leads to phototropic behaviour. 26 The same loss of H-bonding may be the reason for the low stability of the disubstituted indirubins (c.f. Fig. 3 ): the Z configuration of indirubin and its N'-substituted derivatives exhibit stabilizing NH-mediated hydrogen bonds and are therefore inert against Z to E isomerisation, while this is not the case for the disubstituted indirubins and photoinduced Z to E isomerization occurs.
The formation of the isatin based products can be rationalised in terms of oxidative cleavage with adventitious oxygen. 22 Subsequent nucleophilic attack by allyl alcohol (formed from the bromide in the presence of carbonate) on the isatin C2-carbonyl and then addition to the C3 carbonyl, followed by fragmentation with loss of carbon dioxide and propene would give the minor anthranilate ester observed.
Colour Properties
Indirubin (2) as well as its N'-substituted derivatives (9-13) are red compounds with UV/Vis absorption maxima of about 536 nm and 533 nm in methanol whereas the N,N'-disubstituted derivatives (14-18) without an NH…OC hydrogen bond are blue and have a UV/Vis absorption maximum of about 575 nm in methanol. Selected data is given in Table 1 .
Calculated UV/Vis absorption maxima differ significantly from the experimental values but the increase in λ max from the N'-allylated to the N,N'-diallylated indirubin is predicted correctly with the Hartree Fock and DFT methodology. However, the calculated wavelengths using B3LYP theory are closer to the experimental wavelengths in comparison to Hartree-Fock theory. Taking into account the solvent effect, which leads to a bathochromic shift of the absorption maximum wavelengths the more polar the solvent used, the B3LYP results are acceptable as the calculated values are in vacuo (Table 2 ). In contrast to the indirubins, the spiroindolinepyrido[1,2-a]indoledione (19) is yellow, reflecting the absence of the 2,3'-double bond and the consequent decrease in conjugation. In order to examine this further, the calculated UV/Vis absorption spectra in vacuo and experimentally obtained UV/Vis spectra of 19 were compared (Table 1) . Again, density functional theory (B3LYP) correctly predicted the observed large decrease in λ max for 19 compared with 14. The predictive power of DFT has been well established by Jacquemin et al for indirubin, isoindigo and derivatives 25, 26 including the observation that better fits between theory and experiment occur when bulk solvent effects are included in the calculations. Further investigations are required to more fully examine this with compounds 9 and 14.
The loss of a hydrogen bond should lead in theory to an increased energy difference between the ground state and the excited state and therefore to an UV/Vis absorption maximum at lower wavelengths. 29, 30 However, the opposite is observed with the calculated values (2 to 9). This bathochromic shift can be explained by referring to the 'cross-conjugated' system ('H-chromophore'), which was found to be an important feature to explain (although other explanations have been proposed 31 ), the colour of indigoid molecules. 32, 33 It consists of a C=C double bond substituted with two electron donor groups (EDGs; in an anti configuration to each other) and two electron withdrawing groups (EWGs; in an anti configuration to each other). In indirubin and the N-allylated derivatives such a chromophore is present with the two carbonyl moieties as EWGs and an amino group and a fused aryl ring as electron donor groups.
Calculations of the UV/Vis absorption maxima using B3LYP (after optimization at the 6-31G* level) on 2, 9 and 14, as well as cut down oxopyrrolidinylideneindolinone theoretical model systems lacking one fused benzene ring, supported the significance of the H-chromophore in determining the colour of these systems (see Supplementary Information for the structures of the model systems and the full results).
Biological Activity
As indirubin and its derivatives are known to be active against various cancer cell lines, we screened our derivatives against a small number of cancer cell lines, namely small cell lung cancer (NCI-H187), KBoral cavity cancer and MCF-7 breast cancer, as well as testing for in vitro anti-TB (Mycobacterium tuberculosis, H37Ra strain) and anti-plasmodial (Plasmodium falciparum, K1 strain) activity. The results are summarized in Table 2 . Table 1 . Summary of experimentally obtained UV/Vis absorption maxima (spectra are measured in methanol) and calculated UV/Vis absorption maxima (spectra are calculated in vacuo) using B3LYP and Hartree Fock theory after optimization at the 6-31G* level. The numbers in between rows are the differences between absorption maxima for the respective compound pairs.
Colour UV/Vis absorption maxima (λ max, nm) The isatin derivatives 4 and 5 showed modest , cytotoxic activity against the small cell lung cancer cell 
Conclusions
We report here for the first time cascade reactions of indirubin through the reaction with allylic bromides in the presence of base. The initial reaction can be controlled to produce the pink-red N-monoallylated products, but the subsequent synthesis of the deep blue N,N'-diallylated indirubin was less successful due to the instability of the products. The cascade process begins when the reaction is heated to 110 °C -these are higher temperatures to induce the ongoing reaction process when compared to the reactions of Table 2 . the related indigo where the cascade process completely consumes the starting material after 1 h at 88 °C. heterocycles. This method provides simple access to these relatively complex structures with good diastereoselectivity. Importantly, this chemistry provides a facile route to the spirooxindole skeleton, a motif that is becoming increasingly important with the emergence of numerous examples both from nature and with biological activity.
36-38
The results reported here highlight this importance with examples of derivatives which show significant activity as lead compounds against P. falciparum and micromolar activity against 3 different cancer cell lines. Therefore, this new chemistry of indirubin presents fresh possibilities to explore heterocyclic chemical space in a compact one-pot synthetic regime, which should be amenable to further generalisation.
Experimental section
General Methods
DMF for dry reactions was obtained from a solvent purification system. Dichloromethane for extractions and column chromatography was distilled in air prior to use or HPLC grade dichloromethane was used, while other solvents were purchased reagent grade and used without further purification. Indirubin (2) was synthesized according to a literature procedure from isatin and 3-iodo-(1H)-indole. For compounds with more than one major isotope all significant isotopic peaks are reported. Proton ( UV/Vis spectra were obtained on dichloromethane solutions using a double beam UV-Vis-NIR spectrophotometer (Cary 500) operating between 300 -1400 nm. All solutions were appropriately diluted with dichloromethane prior to analysis to fit within the absorbance limits of the detector, and placed into 1 cm pathlength quartz cuvettes. All spectra were collected at room temperature. Sample sizes were between 1.000-2.000 mg, weighed with an accuracy of 6 decimal places using the seven figure balance X-ray Structure Determination -images were measured on a Nonius Kappa CCD diffractometer (MoKα, graphite monochromator, λ = 0.71073 Å) and data extracted using the DENZO package. 39 Structure solution was by direct methods (SIR92). 40 The structures were refined using the CRYSTALS program package. Computational Methods Geometry Optimisations. The calculations were performed in vacuo throughout using the Spartan package 2010 (V1.1.0) as the calculation tool and the geometry of the molecule in the ground state was optimized using Hartree-Fock (HF) theory and the 6-31G* basis set.
UV/Vis spectra. The Spartan package 2010 (V1.1.0) was used as the tool to calculate the spectra of the molecules in the ground state using either density functional theory and the hybrid functional B3LYP or HF theory after geometry optimisation with the 6-31G* basis set.
Synthesis
Synthetic Note: All potentially chiral compounds in this work were isolated or used as racemates.
General Procedure A.
A suspension of indirubin (1.0 eq.) in anhydrous DMF (20 mL) was sonicated for 5 min. To the stirred solution was added caesium carbonate (2.4 eq.) and the reaction mixture was heated to 70 °C. Allylic bromide (or derivative) (2.9 eq.) was added and the reaction mixture was stirred for the specified time at 70 °C. The mixture was filtered while hot, washed with a little DMF and the filtrate concentrated under reduced pressure. The crude residue was subjected to flash silica gel column chromatography (100% petroleum spirit to CH 2 Cl 2 /petroleum spirit 4:1). 
N'-Allylindirubin (9); N,N'-diallylindirubin (14); N-allylisatin (4).
2-Methylallyl 2-((2-methylallyl)amino)benzoate; (Z)-1'-(2-Methylallyl)-[2,3'-biindolinylidene]-2',3-dione (10); (Z)-1,1'-bis(2-methylallyl)-[2,3'-biindolinylidene]-2',3-dione (15); 1-allylindoline-2,3-dione (5).
Following the general procedure A, a suspension of indirubin (201 mg, 767 μmol) in DMF (20 mL 
(Z)-1'-(But-2-en-1-yl)-[2,3'-biindolinylidene]-2',3-dione (11); (Z)-1,1'-di(but-
2-en-1-yl)-[2,3'-biindolinylidene]-2',3-dione (16).
Following the general procedure A, a suspension of indirubin (201 mg, 767 μmol) in DMF (20 mL) was heated with caesium carbonate (600 mg, 1.84 mmol) and crotyl bromide (229 μL, 2.22 mmol) for 16 h to (11) (C3), 112.7 (C7), 121.8 (C5'), 122.0 (C3a), 122.48 (C5'), 122.53 (C3'a), 124.8 (C4), 125.0 (C3''), 125.7 (H4'), 126.3 (C3'''), 126.4 (C2'''), 129.7 (C6'), 130.4 (C2''), 136.6 (C6), 142.2 (C7'a), 142. 
(Z)-1'-(3-Methylbut-2-en-1-yl)-[2,3'-biindolinylidene]-2',3-dione (12); (Z)-
1,1'-bis(3-methylbut-2-en-1-yl)-[2,3'-biindolinylidene]-2',3-dione (17).
Following (20) . 
Prop-2-yn-1-yl 2-(prop-2-yn-1-ylamino)benzoate; (
Z)-1,1'-di(prop-2-yn-1-yl)- [2,3'-biindolinylidene]-2',3-dione.
(E)-1-(But-2-en-1-yl)-9a'-(but-3-en-2-yl)-8'-methyl-8'H-spiro[indoline-3,9'-pyrido[1,2-a]indole]-2,10'(9a'H)-dione (21).
Following the general procedure B, a suspension of indirubin (202 mg, 771 μmol) in DMF (20 mL) was heated with caesium carbonate (603 mg, 1.85 mmol) and crotyl bromide (373 μL, 3.62 mmol) for 6 h to obtain a fraction that was further purified by PTLC providing a mixture of at least two stereoisomers 
1,9a'-Dicinnamyl-8'-phenyl-8'H-spiro[indoline-3,9'-pyrido[1,2-a]indole]-
2,10'(9a'H)-dione (22); 1-cinnamylindoline-2,3-dione (8).
Following the general procedure B, a suspension of indirubin (205 mg, 782 μmol) in DMF (20 mL) was heated with caesium carbonate (612 mg, 1.88 mmol) and cinnamyl bromide (731 mg, 3.68 mmol) for 24
h to obtain a fraction that was further purified by PLC providing two products, the first of which was Hz, H5), 6.9-7.30 (21H, m, ArH2, ArH3, ArH4, ArH5, ArH6, ArH2', ArH3', ArH4', ArH5', ArH6', ArH2'', ArH3'', ArH4'', ArH5'', ArH6'', H1', H4', H6', H4, H6, H7), 7.46 (1H, t, J = 7.7 Hz, H3'). 
